ABSTRACT This paper presents an analysis of the oscillations caused by unbalanced loads in salient pole synchronous generators that operate in isolation under steady state. The oscillatory disturbances, arising from the second-order harmonics, may have or have the potential to cause electromechanical damage to the salient pole synchronous generator. In this paper, the goal is to identify and quantify the magnitude of the electromagnetic torque, which assumes an oscillatory form due to the current component from the negative sequence, caused by unbalanced currents. The self-same analysis was included for second-harmonic voltage oscillations in the qd0 domain, the currents induced on the damper windings together with the oscillation of the load angle and on the field current. These oscillations situated on the synchronous generator are analyzed for a degree of voltage unbalance close to 2% which is an acceptable value according to international regulations for power supply from distribution networks, and this same degree of tolerated voltage unbalance will be used herein for isolated synchronous generators.
I. INTRODUCTION
The study of synchronous generators operating under unbalanced steady state has had little investigation made to it, and as a result, there is a shortage of publications concerning this subject. In the bibliography, one notes [1] - [3] , where a generator connected to an infinite bus is studied, and which has an unbalanced energy network that is subject to a number of eventualities, such as short circuit analysis for study in transient and dynamic regime.
However, in [4] , the analysis of an induction generator for wind generation is highlighted, where the problems caused by an unbalanced electric network are covered. Control by means of an isolated sliding mode control for a wound rotor synchronous generator, connected to an unbalanced load is given in [5] , [6] , the control results in a positive sequence voltage regulation from the stator, independent of the voltage and load value.
A study of the synchronous generator under a nonsinusoidal and asymmetric regime is presented in [7] . However, no mention is made as to the electromagnetic The associate editor coordinating the review of this manuscript and approving it for publication was Yuh-Shyan Hwang.
torque oscillations caused by unbalanced loads, not even how to quantify these oscillations.
In [8] , the effects caused by unbalanced loads are presented in the dynamics of an energy system, which can be modeled as the only machine (synchronous generation) connected to an infinite bus, in the form of an analysis. However, the aforementioned analysis does not provide a study of the electromagnetic torque oscillations neither of the unbalanced loads in isolated generation, where the degree of unbalance is more accentuated than in a synchronous generator connected to an infinite bus.
In [9] a study is made of the characteristics of triple harmonic currents produced by salient pole synchronous generators. The analysis is made for a machine supplied with resistive and inductive balanced or unbalanced loads, different ground resistance values for the generator neutral and various configurations of transformer winding.
In another publication that dynamically analyses the electric variables of a synchronous generator connected to the network under unbalanced loads is given in [10] .
A study that demonstrates a strong proximity to the present study is given in [11] , the analysis however is made for induction motors under voltage unbalance, together with voltage harmonic distortion. The aforementioned study presents the case that such anomalies cause changes to voltage, torque and vibrations, the study also presents also the torque oscillations caused by an unbalanced and non-sinusoidal regime. Further still, other studies [12] - [15] investigate the doubly-fed induction generator (DFIG) through an approach that looks into voltage and load unbalance.
Thus, in relation to other studies cited [1] - [15] , the study presented herein brings forward an investigation into the impacts caused by unbalanced loads in the running of salient pole synchronous generators operating in an isolated manner. A point of interest to highlight here is the identification and quantification of the oscillations that arise due to voltage unbalance.
Therefore, the aim of this study is to analyze the effects caused by unbalanced loads on small-scale synchronous generators, which operate in isolation and do not possess adequate protection. Examples of such are those generators used in emergency systems, shopping centers and commercial establishments that aim at reducing their peak time energy costs. The loads on these generators are distributed in a random fashion and are not concerned with the degree of unbalance caused through the inappropriate distribution of power across the phases.
The electric variables begin to suffer the influence of the second order component; the effect is felt through the electromagnetic torque, the voltage on the domain dq0, in the induced currents on the damper windings and field and in the machine power angle. Therefore, all these variables are computationally analyzed through a survey of the harmonic spectrum, along with a mathematical presentation of its behavior using Fourier series decomposition.
II. DEFINITION OF UNBALANCE
The unbalance of a power system is defined as being the deviation in the voltage or current magnitude of any one or two of the three phases of the three-phase system. When the voltages of a three-phase system are not identical in magnitude and/or the phase difference between these is not exactly 120 degrees, voltage unbalance thus occurs. Therefore, the unbalance of a power system can be expressed as the percentage of variation in currents and line or phase voltages on the rated current and voltage values [16] . The current and voltage unbalance are expressed by equation (1), being,
where,
The unbalance is generally presented as voltage unbalance by international standards. The voltage unbalance is also known as the line voltage unbalance rate (LVUR), and is given by (2) . According to the National Electrical Manufacturers Association (NEMA) [17] , it can be given as,
where, V line -Maximum deviation of line voltages in relation to mean value, V med line -Arithmetic mean of the modules for the threephase voltages (phase-to-phase voltages).
The IEEE uses equation (3) for the definition of voltage unbalance [18] , the only difference between NEMA is the use of phase voltages and not line. Here, once again, the information concerning phase angle is lost, since only the voltage modules are considered. This is also known as the phase voltage unbalance rate (PVUR), which is given by,
where, V phase -Maximum phase voltage deviation in relation to the mean value, V med phase -Arithmetic mean of the modules for the phase voltages.
Another index used by European standards to indicate the degree of unbalance [16] , [19] - [21] is the voltage unbalance factor (VUF), based on the Fortescue transform, given in equation (4) .
where, V − -Negative sequence voltage module, V + -Negative sequence voltage module. In similar fashion, the currents can also be decomposed. The current unbalance or current unbalance factor (CUF) is calculated by,
The CIGRÉ method provides the same results as those from the symmetrical components method (VUF), using a series of algebraic manipulations to express the unbalance from the line voltage modules [22] , as shown in equations (6) and (7).
where, V AB , V BC , V CA -Three-phase voltage modules. UB -Unbalance, given in (%).
III. UNBALANCE IN SYNCHRONOUS MACHINES
On many occasions, isolated synchronous generators operate with unbalanced three-phase loads, due to typical singlephase and biphase loads that are not applied uniformly across all three phases [4] . The stator currents on the three phases have different amplitudes and different phases with a value of 120 • . For a synchronous generator with isolated balanced loads, one has I 1 = I 2 = I 3 and γ 1 = γ 2 = γ 3 [23] .
When a three-phase synchronous machine operates with an unbalanced load, the positive sequence currents will create, in the air gap, a magnetomotive force (m.m.f), which rotates at synchronous speed. The zero sequence components (homopolar components), due to their spatial displacement of 120 • electric between the three-phase stator windings, which themselves possess the same angular displacement in time, cancel out and do not produce an m.m.f result, hence there is no effect on the synchronous machine. However, the negative phase sequence currents will produce, in the air gap, an m.m.f that is moved at the opposite speed to the rotor, with an angular velocity of (−ω). By considering the magnetomotive force of the fundamental component between the stator and the rotor, [24] - [26] is able to mathematically describe this effect:
where: mmf Magnetomotive force (A.t); K Project constant for the machine winding; I 1 Maximum value of the fundamental component for the stator current (A);
θ Spatial angle with origin in one of the stator phases (degrees);
ω Synchronous speed (rad/s). By performing the decomposition of the fundamental current through the theory of the symmetric components, one obtains:
The angular velocity of the negative sequence magnetomotive force is (−ω) as seen in equation (11) , in this manner, the angular velocity relative to synchronous velocity on the rotor (ω) will cause oscillations of (2ω). The unbalance of synchronous generator loads on the machine rotor windings cause an effect similar to those which occur in asynchronous machines, however, with slip equal to 2, as noted in equation (13) . This would be equal to the power supply on the synchronous generator field winding accepting an alternate supply with an induced current of double frequency, in addition to this current induced on the damper winding. However, this consideration does not take into account the difference of the non-symmetric windings on the rotor and the nonuniformity of the air gap [23] , [27] .
By including the harmonic components h = 2, the equation for electrical variables (V e ), can be represented mathematically by,V e = V cc +V 2ω (14) In other words, the relative speed between this wave and the rotor speed will create a situation where double frequency voltages and currents are induced (2ω). These are second orders components in the rotor windings (field winding and damper winding), as presented in Fig. 1 . In such an unbalance situation, the uneven heating of the rotor and the torque oscillations can become significant, where they also cause the reduction in machine efficiency. In a non-grounded system, the unbalance causes displacement on the neutral point, hindering the necessary relay and circuit breaker operation [16] .
Negative phase sequence currents cause serious overheating on the rotor windings. It is therefore necessary to limit the admissible value of the negative phase sequence current, arising from unbalanced loads on a synchronous generator [28] . Table 1 presents the maximum unbalance current values for salient pole synchronous generators, as established by [29] .
IV. MATHEMATICAL MODELLING: SYNCHRONOUS MACHINE
Reference [30] presents the equations for the synchronous machine with salient poles. The equations for the electrics 
V. RESULTS AND DISCUSSION
The electric diagram of the isolated system is represented in Fig. 2 .
FIGURE 2. Synchronous generator operating in isolation.
The study of the oscillations caused by the voltage unbalance in a synchronous generator is carried out by means of computer simulation, through such it is possible to obtain the results that allow to analyze and quantify the intensity of the oscillations in the electric variables of the synchronous generator in the dq0 domain.
In order to obtain an idea of the imbalance that can occur in synchronous generators operating on a distribution system, the value of the voltage unbalance is recommended at 2% [31] , [32] , not exceeding the voltage unbalance above 3% in reference [33] , and predicted by the ANSI standard C84. 1-1995. As stipulated by international norms, this study takes into account the analysis of disturbances caused in synchronous generators of protruding poles at a 2% degree of imbalance. This value can be considered low, compared to the voltage unbalance from unbalanced loads when operating alone.
In small or low power generators, the protection design may not be adequate, as such small isolated plants may operate without current unbalance protection, with the aim of producing design savings. Therefore, this study is set up VOLUME 7, 2019 without current unbalance protection for small salient pole synchronous generators operating in isolation.
The input parameters for the generator on the simulation were derived from the laboratory trials. Table 2 shows the data and parameters of the synchronous generator. The data and parameters are necessary in order to perform the simulation in domain dq0, also reactances and their respective times are added for the transient and subtransient regime. The loads distributed on the phases A, B and C are respectively of 630 W, 500 W and 400 W. This load distribution on the phases causes a VUF of approximately 2%.
In order to simulate the synchronous generator under an unbalanced condition on the qd0 variables, firstly the powers are distributed on the abc phases (abc domain). By transforming the phase voltages and currents that are input variables with unbalance on the abc domain to qd0, the derivatives are calculated on the time domain. In this way, the unbalance is simulated for the voltages and currents on the qd0 domain. This imposed unbalance causes the appearance of a pulsating second harmonic component on the variables, due to the effect of the voltage and current of negative sequence caused by the unbalanced load to a voltage unbalance of 2%, according to the abovementioned tolerance levels.
In order to identify and quantify the components of the second order (2ω), the Fast Fourier Transform (FFT) was used. This allows for the analysis and quantification of values of the oscillations induced on the synchronous generator rotor windings, which cause oscillations on the electromagnetic torque and the remaining electrical variables.
FIGURE 3.
Oscillating electromagnetic torque due to unbalance. Fig. 3 , presents the behavior of the oscillating electromagnetic torque, due to unbalanced loads. An approximation for oscillation of torque is noted as between the values of 0.9 to 0.7 pu.
Given equation (14), the resulting electromagnetic torque will be the sum of the continuous electromagnetic torque, plus the sum of the pulsating electromagnetic torque of 2 fundamental frequencies.
The electromagnetic torque presented in Fig. 3 can be decomposed into a Fourier series, where it can be written in the following manner, T e = 0.8117 + 0.099 sin(2ωt + 168.4
• ) (pu) The pulsation of the electromagnetic torque in relation to its nominal value exceeds 12% oscillation, proving oscillations of mechanical torque, which results in mechanical vibrations and consequently audible noise.
The mechanical vibration resulting from the oscillating torque causes heating in the bearings of the synchronous generator, since the friction increases when the electromagnetic torque enters the pulsating permanent regime. Given equation (14), the decomposed load angle in Fourier series, can be represented by the following expression, δ = 45.81 + 1.14 sin(2ωt − 30.4
• ) (deg) The power angle oscillates above 2.5%, which can lead to the synchronous generator losing stability, when up against sudden load switching, short-circuit, failures, among other eventualities in transitory state.
The current induced on the field winding of the synchronous generator is presented in Fig. 5 . • ) (pu)
The currents induced on the field and damper windings will go on to result in superficial losses on the rotor windings, which will then result in heating and thus the elevation in rotor structure.
The current induced on the quadrature axis damper winding and on the direct axis damper winding is presented in Fig. 6 . With the rise of induced currents on these damper windings, the synchronous generator goes on to experience a new portion of losses and reduction in efficiency.
Considering the variables d and q (voltage and current), and by employing these process variables, the appearance of the second order component in the dq electrical variables presented in this study was verified.
The direct and quadrature axis voltage oscillations, arising from voltage unbalance on the synchronous generator are presented in Fig. 7 .
The oscillations on the direct axis and quadrature current are shown by Fig. 8 .
The voltage for the direct and quadrature axis, decomposed in Fourier series are given by, • ) (pu) By analogy, the oscillations on the direct axis and quadrature current can also be represented by the decomposition in Fourier series, • ) (pu)
By analyzing the results obtained in the computer simulations, Table 3 is produced, where the values for the electric variables are presented from the synchronous generator, concerning the condition of voltage unbalance at 2%.
Note that the synchronous generator goes on to suffer the influence of the second-order component across all variables. This produces a more expressive value on the electromagnetic torque, where it reaches 12.197% of the value of its continuous component, as seen on Table 3 .
From the results on Table 3 , one can to plot the graphs presented in Fig. 9 . presents the harmonic spectrum showing the second-order component that is induced on the damper windings, with its amplitude values being given in pu.
VI. CONCLUSION
The majority of isolated generators have their loads distributed in an inadequate form between the phases; such distribution is arranged without prior study or in a random fashion, which can imply in elevated unbalance. In addition, isolated synchronous generators tend to suffer from a greater degree of unbalance than synchronous generators that operate on a distributed system. The energy concessionaire, however, can perform allocation maneuvers of loads on the distribution system phases with the aim of reducing the unbalance over the electric network, which is different to an isolated generator, where the load distribution remains restricted to an isolated circuit.
The effect of the second-order component induced on the rotor of the synchronous machine brings as consequences, yield fall, higher temperatures, audible noise and alterations in the behavior of the machine in steady state.
From the results found in this study, it became apparent that voltage unbalance due to loads causes a series of changes in the behavior of the synchronous generator, with the rise of the second-order component on the rotor windings.
In this study, a VUF of 2% resulted in an electromagnetic torque oscillation, for which the portion of the second-order component passed the value of 12%. In addition, for the same analysis, it was noted that the current unbalance (I2/IN) reached a value of 13.43% on the synchronous generator, a value that surpasses the limits present on Table 1 (Item 1) , and proposed in [29] . This provides an indication that higher unbalanced voltage values will result in a high level of current unbalance, causing damage to the synchronous generator.
Therefore, this study demonstrated that it is possible to identify and through the analysis of the Fourier transform, quantify the oscillations that appear in the electric variables of a synchronous generator, while supplying unbalanced loads. This brings to the fore, the importance that when dealing with isolated synchronous generators, it is essential to perform a study of the symmetrical distribution of loads. This is performed while constantly quantifying the degree of voltage and current unbalance to which a generator can be subjected, in order to prevent eventual damage (to the generator and the load) as well as avoid any reduction to the working life of the equipment.
Through quantification, one is able to perform the 2ω oscillation analysis of the electrical variables on the synchronous generator, being that the main contribution of this paper is found in the analysis of the oscillations of the second order component in salient pole synchronous generators, which operate in isolation. These double frequency oscillations are caused by the negative sequence current. For the particular case under analysis, an unbalance voltage rate of 2% on the synchronous generator causes an increased unbalance and consequently high pulsation of electromagnetic torque on the remaining electrical variables, thus reflecting on the alteration of the behavior associated with the synchronous generator in island operation in steady state.
Through the obtained results, one notes that these oscillations are worrying and open a line of research toward projects of intelligent control and inexpensive for the mitigation of these oscillations in island mode synchronous generators.
